The effects of interplay of interference of quantum mechanical electron waves and their mutual Coulomb interactions are investigated in the device composed of interacting quantum dot attached to polarized leads via quantum point contacts with the Rashba interaction. The Zeeman-split dot sub-levels form two interfering channels and as a result spin dependent Fano resonances arise in the conductance through the system. The Coulomb repulsion between the channels modifies the width and shape of the Fano resonances as compared to the non-interacting case. We formulate the Fano expression dependent on the dot's occupancy regulated by the Coulomb interactions.
Introduction
Depending on the kind of experiment electrons exhibit particle or quantum-wave nature. Typical quantum interference experiments, for instance, are performed in the Aharonov-Bohm geometry, where the phase of electron waves can be controlled by the external magnetic field [1] . But electrons also possess spin and are charged particles, which is manifested in experiments as the Coulomb blockade and the Kondo effect observed in the transport through quantum dots [2] .
Model
An interesting question arises whether electron correlations affect interference of quantum mechanical electron waves. To answer this question we took into account a small, interacting quantum dot (QD) with one spatial level. The dot is coupled to spin-polarized metallic leads via quantum point contacts (QPCs) with the Rashba interaction [3] arising from the strong asymmetry of the nanostructure confining potential in y-direction
We have assumed that the Rashba coefficient α does not depend on x-direction of electron tunneling.
Inter-subband mixing, described by the second term of Eq. (1), introduces quantum interference between electron waves of opposite spin densities [4] . Inside the dot they mutually interact via the Coulomb repulsion. Thus, quantum interference takes place between spin up d↑ and * e-mail: piotrs@ifmpan.poznan.pl spin down d↓ channels in presence of their Coulomb interaction, producing the Fano resonances [5] . We assume that the inter-subband mixing in QPCs dominates over the spin precession first term. It is realized, when the ratio of QPC length to width L/W ≈ 1 and the QPC confinement energy (in our case in z-direction) is comparable to the spin splitting energy introduced by the Rashba effect. The Rashba effect inside QPCs is then written in the form of tight-binding Hamiltonian [6] as two hopping matrix elements between the dot and the leads: t α -"direct", spin-conserved tunneling and t α SO -"indirect" spin-flip tunneling, mediated by inter-subband mixing:
The complex i factor in the Rashba term ensures its time reversal invariance, which is a feature of the Rashba Hamiltonian, Eq. (1). The parts of the Hamiltonian describing the leads and QD are:
We neglect a possible influence of magnetic field on the electron phase because d↑ and d↓ are spatially overlapping.
The dot's sublevels are uniformly shifted by gate voltage acting on the dot capacitatively: dσ ≡ dσ − V g , and for ∆ = 0 the dot's level initial position is assumed to coincide with the Fermi level placed at zero energy
Let us define the polarization of the lead α as a relative difference between spectral densities of the lead subbands of spin up and down:
It can be expressed by the spin-dependent QD level width acquired by the "direct" tunneling:
Presence of the Rashba interaction inside QPCs introduces two additional transmission spin-flip channels besides diagonal ↑ and ↓ channels. We then write the retarded Green function of the QD and the current in a matrix form in spin indiceŝ
TheΓ α matrix describing coupling of the dot to the α lead readŝ
where
The diagonal elements in Eq. (3) are inverse of the dot Green functions calculated in the Hubbard approximation [7, 8] , which is most suitable for the description of QD level in the Coulomb blockade regime. For spin σ it has the form
Equation (5) has been written as the sum of two Hubbard resonances,
I
dσ ≡ dσ and II dσ ≡ dσ + U , whose spectral weights are controlled by the occupancy with the opposite spinσ. This feature, caused by the Coulomb interactions significantly modifies the Fano resonance as compared to single particle case [5] .
The occupancies n ↑ and n ↓ have been calculated selfconsistently from the set of coupled equations, similarly as in [8] , from the diagonal elements of the "lesser" Green function matrix:Ĝ < =Ĝ rΣ <Ĝa with the "lesser" self-energy describing the coupling to the leads in both spin sectors.
The current through the device is calculated from the Meir-Wingreen expression [9] , but written in the spin space for symmetric couplingΓ L =Γ R ≡Γ :
(6) The summation over spins is already included in the trace.
In numerical calculations we assumed broad, featureless density of states in the leads
We have set Coulomb interaction in the dot U = 0.1D, t α = 0.8U and t α SO /t α = 0.5 for α = L, R.
Results and discussion
In Fig. 1 we show interaction-only (t α SO = 0) conductance for various Zeeman splitting, calculated with the use of diagonal Meir-Wingreen expression [8] . We set P L = P R = 0.6, which gives the same diagonal broadenings Γ α ↑↑ = 0.4U and Γ α ↓↓ = 0.1U as in the Rashba case for t α SO = 0.5t α and P L = P R = 1. For ∆ = 0, part (a), zero bias conductance displays usual two Hubbard peaks for single and double electron occupancy, separated by U . Conductance peaks reach unitary limit at V g = 0 and V g = U when the Hubbard levels I σ = F and II σ = F , respectively. The conductance curve is symmetric with respect to the particle-hole symmetry line at V g = U/2 ( ↑ = ↓ = −U/2). Let us note also that n ↑ and n ↓ vs. gate voltage shown in part (a) do not coincide because there is finite polarization of the leads [8] . For finite Zeeman splitting, as shown in parts (b) and (c) of Fig. 1 , the symmetry of conductance no longer persists. The first and second Hubbard resonance in each spin sector have very different spectral weights due to the different dependence of occupancies vs. gate voltage, see n ↑ and n ↓ for ∆ = 2U in part (c). These features, caused by electron interactions, have profound effect on the formation of the Fano resonances. Let us now switch on the Rashba interaction in the QPCs. Now inter-subband mixing opens new, spin-flip transmission channels. Quantum interference between ↓ and ↑ takes place and they take the role of interfering channels characteristic for the Fano resonance: the ↓ of resonant level and the ↑ of broad, background continuum. In presence of electron interactions they evolve into the Hubbard resonances and now quantum interference takes place between them γ d↓ ↔ γ d↑ , γ = I or II. Indeed, the expression for conductance, Eq. (6), can be approximated by a product of the Fano expression for resonance at γ d↓ = F and conductance through the "background" Hubbard resonance γ d↑ . At T = 0 and for P L = P R = 1 it can be written
We defined reduced resonance level˜ d↓ and the Fano asymmetry parameter q. This is a remarkable feature of the Fano resonance in presence of electron interactions, that the background conductance channel can become even sharper than the resonant channel. It is better seen for ∆ = 2U , in 
